Introduction
The foremost aim of neural cell reprogramming is the treatment of age-related neurodegenerative disorders and the functional regeneration of neural circuits in vivo. This concept is particularly relevant to the central nervous system, which retains a limited capacity for self-regeneration in adulthood. The isolation of pluripotent embryonic stem cells (ESCs), in vitro neuronal differentiation, and transplantation of ESC-derived neurons to models of neurodegenerative disease marked the first milestones in the application of stem cell-related technologies to human diseases. Investigation into the molecular mechanisms underlying this pluripotency revealed that somatic cells could be reprogrammed to induced pluripotent stem cells (iPSCs) with a limited number of transcription factors. These cells enabled direct modeling of genetic and sporadic forms of Alzheimer disease (AD), amyotrophic lateral sclerosis (ALS), Huntington disease (HD), and Parkinson disease (PD). Refined reprogramming strategies enabled the direct transdifferentiation of diverse neural linages and neuron subtypes both in vitro and in vivo. However, as an evolving technology, neural reprogramming still faces numerous challenges to clinical implementation. In this review, we highlight neural induction strategies that utilize stem cells, iPSCs, and transdifferentiated non-neuronal cells to model or treat agerelated neurodegenerative diseases, as well as, the clinical challenges related to neuron transplantation and in vivo reprogramming strategies.
Stem cell-based neural induction strategies
2.1. Embryonic stem cells
Teratocarcinoma cells and embryonic stem cells
The isolation of mouse teratocarcinoma cells with properties highly similar to cells of the early mouse embryo provided the first in vitro experimental model of cellular pluripotency (Stevens, 1967) . The in vivo transplantation of single teratocarcinoma cells isolated by enzymatic dissociation of embryonal carcinomas revealed that these cells are multipotential with the capacity to differentiate into diverse somatic lineages (Kleinsmith and Pierce, 1964) . These cells provided an unprecedented opportunity to investigate the mechanisms regulating cell identity and differentiation.
Although teratocarcinoma cells are valuable as a working model of pluripotency, these cell lines often exhibit limited differentiation potential relative to stem cells derived from totipotent pre-implantation embryos. The isolation and culture of embryonic stem cells (ESCs) from proliferating mouse blastocysts established a new paradigm in stem cell research (Evans and Kaufman, 1981) . Similar techniques enabled the isolation of primate (Thomson et al., 1995) and human (Thomson et al., 1998) ESC lines. The transplantation of in vitro expanded ESCs into mouse blastocysts yielded chimeric mice demonstrating that ESCs make a functional contribution to numerous differentiated tissue types throughout development (Bradley et al., 1984) . Further, lineage tracing with a b-galactosidase reporter demonstrated that ESCs contribute to all parts of the central nervous system when grafted into the early mouse blastocyst (Gossler et al., 1989) .
Somatic cell nuclear transfer and cell fusion
Prior to the isolation of ESC lines, nuclear transplantation studies using Rana pipens oocytes and nuclei from advanced blastula cells provided insight into how the nucleus endows a cell with pluripotent differentiation potential (Briggs and King, 1952) . Building upon these findings, nuclei transplanted from Xenopus laevis epithelial cells into enucleated oocytes of the same species yielded viable embryos that developed into tadpoles then mature frogs (Gurdon and Laskey, 1970) . The remarkable discovery that nuclei from differentiated somatic tissues retained the potential to generate functional living organisms suggested that targeted manipulation of cell differentiation mechanisms might enable genetic engineering. Reinforcing this concept, three independent mammalian nuclear transplantation studies generated a lamb (Wilmut et al., 1997) , mice (Wakayama et al., 1998) , and calves (Kato et al., 1998) .
Unifying nuclear transfer and ESC isolation techniques, two novel ESC lines were isolated from non-human primate blastocysts derived from oocytes carrying the nuclei of adult rhesus macaque skin fibroblasts (Byrne et al., 2007) . In an attempt to generate human pluripotent stem cells through oocyte-somatic cell genome exchange, the nucleus of an adult human skin cell was implanted into an enucleated human oocyte (Noggle et al., 2011) . These oocytes arrested in late cleavage and exhibited abnormalities in gene transcription (Noggle et al., 2011) . Interestingly, the addition of a somatic cell nucleus to a non-enucleated oocyte promotes cell division and development to the blastocyst stage (Noggle et al., 2011) . Pluripotent cell lines derived from the inner cell mass of these blastocysts could be differentiated into cell types representative of the three germ layers (Noggle et al., 2011) ; however, the triploid genetic composition and ethical debate over the use of human oocytes represent significant limitations to the use of these cells as an effective therapeutic agent.
As an alternative to nuclear transfer, the chemical fusion of a pluripotent cell and differentiated somatic cell was used to generate a hybrid cell with a tetraploid genome (Miller and Ruddle, 1976; Cowan et al., 2005) . This human ESC-fibroblast fusion cell retained a capacity for pluripotent differentiation (Cowan et al., 2005) . Analyses of genome-wide transcription, allele-specific gene expression, and DNA methylation in these hybrid cells demonstrated that the somatic nucleus was reprogrammed to mimic the transcriptional state of a pluripotent cell (Cowan et al., 2005) . These findings confirmed that nuclei from differentiated somatic cells retain the potential to adopt a pluripotent state when given a defined set of intranuclear cues.
Neural differentiation
Pro-neural effector molecules, similar to the cues that induce or maintain pluripotency, bias an undifferentiated cell toward a lineage-specific neural fate. Mouse ESC-derived embryoid bodies chemically directed toward a neural precursor identity in vitro were transplanted into the ventricles of embryonic rat brains and subsequently differentiated into neurons, astrocytes, and oligodendrocytes in vivo (Brü stle et al., 1997) . This multipotent neural differentiation inspired the transplantation of human ESC-derived neural precursor cells in the mouse brain (Zhang et al., 2001; Reubinoff et al., 2001 ). Exposed to the cues of the neural microenvironment, these cells differentiated into neurons and astrocytes in multiple brain regions (Zhang et al., 2001 ).
The in vitro specification of neuron and glial cell subtypes from cultured ESCs promised significant advances in models of development and neurodegeneration. Cultured mouse ESC embryoid bodies were in vitro differentiated toward nestin-positive neural precursor cells using neural induction media supplemented with basic fibroblast growth factor (Okabe et al., 1996) . Withdrawal of this growth factor prompted differentiation into neurons and glial cells (Okabe et al., 1996) . Further, treatment with retinoic acid catalyzed the differentiation of subtype-specific GABAergic and cholinergic neurons (Bain et al., 1995; Fraichard et al., 1995) . In vitro differentiated neurons formed functionally diverse excitatory and inhibitory synapses mediated by glutamate, GABA or glycine surface receptors (Finley et al., 1996; Strü bing et al., 1995) . Additional studies demonstrated efficient methods for the transplantation and in vivo differentiation of dopaminergic neurons (Deacon et al., 1998) , serotonergic neurons (Deacon et al., 1998) , spinal progenitorderived motor neurons (Wichterle et al., 2002) , and striatal progenitor-derived medium spiny neurons (Aubry et al., 2008) . Moreover, ESC-derived dopaminergic neurons transplanted into the striatal nuclei of mice lesioned with 6-hydroxydopamine (6-OHDA) enhanced performance in several motor exercises relative to sham-grafted animals (Kim et al., 2002) .
Aside from the ethical considerations over the use of ESCs and other pluripotent cells as therapeutic agents, the over proliferation ESC-derived neural precursors transplanted in the rat striatum (Aubry et al., 2008) and an inability to rapidly generate patient genome-specific neural cells represent detrimental barriers to clinical utility. As an in vitro model, however, human ESC-derived neurons are a powerful method for investigating the mechanisms of neurodegeneration. For instance, cultured astrocytes expressing an ALS-relevant SOD1 G37R [ 2 _ T D $ D I F F ] mutant protein were demonstrated to be selectively toxic to ESC-derived motor neurons (Giorgio et al., 2008; Marchetto et al., 2008) . One pitfall to the use of ESC-derived neurons to model age-related neurodegenerative disorders is the lack of certain age-acquired genetic and epigenetic markers. These drawbacks pushed researchers to develop models with higher disease fidelity and patient specificity.
Induced pluripotent stem cells
Somatic cell nuclear transfer experiments confirmed that somatic nuclei retain pluripotent potential, but the molecular pathways that catalyze a reversion to pluripotency remained undefined. In 2006, the transcriptional mechanisms underlying acquired pluripotency were unraveled using viral overexpression of stem cell-related transcription factors. Remarkably, POU5F1, SOX2, KLF4, and MYC were sufficient to induced mouse embryonic and adult fibroblasts to adopt a pluripotent fate in vitro (Takahashi and Yamanaka, 2006) . Likewise, transduction of fetal and adult human fibroblasts with these factors generated iPSCs (Park et al., 2008b) . Building on these findings, ectopic expression of POU5F1, SOX2, NANOG, and LIN28A in mouse and human somatic cells can similarly induce a pluripotent state . Additional screens demonstrated the induction of pluripotency with three factors (Wernig et al., 2008) , two factors (Giorgetti et al., 2010; Huangfu et al., 2008) , and POU5F1 alone under defined conditions (Kim et al., 2009) .
Adult human iPSCs differentiate to glia and diverse neuronal subtypes when cultured under lineage restrictive conditions (Takahashi et al., 2007; Hu et al., 2010) . A direct comparison of human ESC-derived neurons and human iPSC-derived neurons revealed that iPSCs proceed along a similar developmental time course as ESCs, but adopt neural fate with highly variable efficiencies (Hu et al., 2010) . Refined differentiation protocols enabled the in vitro induction of astroglial progenitors and immature astrocytes (Krencik et al., 2011) , as well as, PPP1R1B-positive medium spiny neurons (Carri et al., 2013 ) from human iPSCs. Importantly, motor neuron-specific differentiation of 16 iPSC lines generated from donors of varying health status demonstrated an immense potential for this technology in the clinic .
Induced neural stem cells, neural progenitors, and downstream progenitor cells

Neural stem cells
As the earliest structures of the central nervous system emerge from the embryo, the neural plate folds into the neural tube and forms the birthplace of all neural cell types. Cascades of signaling molecules then pattern the developing brain and spinal cord by modulating transcription in neuroepithelial cells that produce neural stem cells (NSC) such as radial glia. These NSC populations generate billions of neurons throughout early neurogenesis and this process slows in adulthood with non-neurogenic cell populations predominating the mature brain and spinal cord (Gö tz and Huttner, 2005) .
Although the rate of neurogenesis is significantly reduced in postnatal and adult neural tissues, new NSC-derived neurons are consistently produced in two regions of the brain throughout life (Altman, 1962; Altman and Das, 1965; Kaplan and Hinds, 1977) . In the adult rat, NSC-derived neural progenitors in the subgranular zone of the dentate gyrus migrate to the neighboring granule cell layer and differentiate into functional granule neurons (Kaplan and Hinds, 1977) . Similarly, dividing neural progenitors in the subventricular zone of the lateral ventricle generate migratory neuroblasts, which travel along the rostral migratory stream into the olfactory bulb where these cells differentiate into interneurons (Lois et al., 1996) .
The isolation, in vitro culture, and directed differentiation of neural progenitor cells demonstrated that these cells retain multipotent potential in the adult brain (Gage et al., 1995) . Further, the hippocampal transplantation and in vivo neuronal differentiation of cultured neural progenitors confirmed these cells retain functional multipotency in vitro (Gage et al., 1995) . Neural precursors transplanted directly into the rostral migratory stream migrated to the olfactory bulb and differentiated into tyrosine hydroxylase-positive neurons demonstrating responsiveness to extracellular cues (Suhonen et al., 1996) .
In addition to the subventricular and subgranular zones of the brain, proliferating cells with neural progenitor-like properties have been isolated from the adult spinal cord (Adrian and Walker, 1962; Shihabuddin et al., 1997) . In vitro adult rat spinal progenitors are self-renewing, multipotent, and differentiable upon in vivo transplantation (Shihabuddin et al., 2000) . The ependymal cell (Johansson et al., 1999) and pericyte (Gö ritz et al., 2011) origin of proliferating migratory astrocytes following spinal cord injury remains debated.
This understanding of embryonic and adult neurogenesis has informed the development of therapeutics aimed at regenerating neurons in the human central nervous system. Importantly, immunofluorescent labeling of neuronal markers and replicating DNA confirmed that limited neurogenesis occurs in the adult human hippocampus (Eriksson et al., 1998) . This active field of study has primed the development of reprogramming models that utilize these mechanisms to induce NSC and neural progenitor-like cells.
Induced neural stem cells and induced progenitor cells
The direct induction of NSCs from mouse fibroblasts can be achieved by temporally restricting the expression of the same four transcription factors used to generate somatic cell-derived iPSCs (Kim et al., 2011b; . The direct delivery of cellpermeable POU5F1 mRNA or protein for the first five days of reprogramming combined with constitutive expression of SOX2, KLF4, and MYC generated progenitor-like cells with properties similar to endogenous NSCs . Strict regulation of POU5F1 expression was essential since prolonged expression biased reprogramming toward a pluripotent state . In addition to an adopted neural identity, the induced NSCs acquired tripotent differentiability to astrocytes, neurons, and oligodendrocytes . Further, NSC-like progenitors were similarly induced with retroviral expression of SOX2, KLF4, MYC, POU3F4, and TCF3 (Han et al., 2012 ).
An interwoven network of transcription factors maintains NSC identity though precise genetic regulation. Increasing the activity of one or more factors in this network can unbalance this regulation and drive changes in cell identity (Tian et al., 2011) . For instance, mouse embryonic fibroblasts transduced with SOX2 and FOXG1 reprogrammed to a bipotent neural precursor state, while the expression of SOX2, FOXG1, and POU3F2 generated self-renewing tripotent neural precursors (Lujan et al., 2012) . The expression of this additional transcription factor primed the cellular state to adopt multipotency. Remarkably, the overexpression of SOX2 is sufficient to induce NSCs from mouse and human fibroblasts in vitro, as well as, neuroblasts from mouse striatal astrocytes in vivo (Niu et al., 2013) . This ability to directly induce proliferating neural precursor cells from somatic and glial lineages beneficially enables the production of multiple neurons from each reprogrammed cell (Tian et al., 2012 (Tian et al., , 2013 .
Induced subtype-specific neural progenitor cells
NSCs have an intrinsic potential for multi-lineage differentiation into astrocytes, oligodendrocytes, and dozens of neuronal subtypes. The directed differentiation of these precursors into a highly defined state for therapeutic use might be challenging if the underlying mechanisms of differentiation are not fully understood. Therefore, the induction of restricted neural progenitors might be better suited to regenerate specific populations of neural cells following degeneration.
Engraftable NG2-oligodendrocyte precursor cells derived from mouse and rat fibroblasts transduced with SOX10, OLIG2, and ZNF536 differentiate into mature oligodendrocytes that ensheath the axons of co-cultured neurons . As iPSCs have proven refractory to oligodendroglial precursor generation, this strategy of progenitor specific reprogramming enabled the production of a highly specific neural subtype and in vitro model for demyelination-related diseases. Similar work demonstrated that a combination of OLIG1, OLIG2, NKX2-2, NKX6-3, SOX10, ST18, MYRF, and MYT1 directly induce NG2-oligodendrocyte precursor cells from mouse embryonic fibroblasts (Najm et al., 2013) .
With special relevance to PD, an age-related neurodegenerative disorder that selectively affects dopaminergic neurons of the substantia nigra, dopaminergic progenitor cells generated from human iPSCs (Doi et al., 2014) and mouse fibroblasts (Kim et al., 2014; Tian et al., 2015) represent an effective method for the directed differentiation of dopaminergic neurons. With further development, induced NSCs, neural progenitor cells, and subtypespecific progenitor cells hold significant therapeutic potential.
3. Neurodegenerative disorders: Ipsc models, induced neural cell transplantation, And In Vivo reprogramming 3.1. In vivo reprogramming A central goal of regenerative medicine is the reconstruction of neural tissues damaged by age-related neurodegenerative disorders such as AD, ALS, HD, and PD. The seminal discovery that adult human fibroblasts can be induced to adopt a pluripotent stem cell-like identity in vitro by overexpression of four transcription factors (Takahashi et al., 2007) or treatment with small molecules (Hou et al., 2013) catalyzed numerous investigations into the therapeutic potential of iPSC technology. However, a high propensity for teratoma formation in vivo inherently limits the therapeutic utility of these cells (Abad et al., 2013) .
To resolve this issue and demonstrate clinical feasibility, iPSCderived neural-specific progenitors were transplanted to an injured non-human primate spinal cord with no observed tumor formation (Emborg et al., 2013) . Further, lentiviral-mediated SOX2 overexpression in the mouse brain and spinal cord induces non-tumorigenic neuroblast cells poised to differentiate into functional neurons (Niu et al., 2013; Su et al., 2014) . Although the transplantation of iPSC-derived and transdifferentiated cells might be clinically feasible, the direct reprogramming of endogenous cells in vivo has emerged as a potentially more versatile tool in the repair of degenerated neural networks (Table 1) . Resident astrocytes, NG2 glia, and other non-neuronal cells targeted for direct reprogramming have been successfully transdifferentiated to MAP2-positive neurons in the injured cortex (Heinrich et al., 2014) , glutamatergic neurons in the cortex (Grande et al., 2013; Guo et al., 2014) , GABAergic neurons in the cortex (Guo et al., 2014) , projection neuron-like cells in the striatum (Grande et al., 2013) , and corticofugal projection neurons in the developing mouse brain (Rouaux and Arlotta, 2010) .
These proof-of-concept in vivo studies demonstrated that functional neurons can be induced in the adult central nervous system and highlight the potential of patient-specific engineered neurons as a treatment for neurodegenerative diseases.
Alzheimer disease 3.2.1. Neuropathology of Alzheimer disease
AD is an age-related neurodegenerative disorder characterized by memory loss, cognitive impairment, behavioral changes, and an impaired ability to perform activities of daily living (Albert et al., 2011; McKhann et al., 2011) . These cognitive deficits stem from disruptions of neural network activity caused by dendrite retraction, dendritic spine and synapse degeneration, and the death of cholinergic neurons in the basal forebrain and layer II of the entorhinal cortex (Whitehouse et al., 1982; Gó mez-Isla et al., 1996) .
The molecular etiology of AD is highly complex with multiple genetic, epigenetic, and environmental factors contributing to the overall reduction in neural network activity (Huang and Mucke, 2012) . Rare early-onset genetic forms of AD have been linked to mutation or duplication of the genes encoding amyloid precursor protein (APP) (Goate et al., 1991) and the APP-processing enzymes presenilin 1 and presenilin 2 (Sherrington et al., 1995; Levy-Lahad et al., 1995) . APP, an integral membrane protein with roles in synapse formation and synaptic plasticity (Priller et al., 2006) , undergoes posttranslational cleavage by presenilin-containing b-and g-secretase complexes to generate amyloid-beta (Ab) peptides of varying lengths (De Strooper and Annaert, 2000) . Intrinsically disordered Ab peptides adopt a random coil secondary structure and are cleaved into two common alloforms, Ab 40 Table 1 In vivo reprogramming methodologies. Neural in vivo reprogramming methodologies used to generate neurons or neural progenitors from diverse cell types. Cells of origin annotated with a superscript H denote human cells transplanted into rodent neural tissue for in vivo reprogramming. Defined Dopaminergic neuron (Torper et al., 2013) and Ab 42 which account for approximately 90% and 5-10% of brain-wide Ab production, respectively (Linh and Ha-Duong, 2015) . Ab 42 -biased imbalances in APP processing reduce Ab clearance from neural tissues and consequently promote the self-aggregation of Ab monomers into neurotoxic soluble Ab oligomers and large insoluble Ab plaques (Walsh and Selkoe, 2007) . Soluble Ab dimers, trimers, and other low-n oligomers are potent synaptotoxins that induce synapse loss and interfere with plasticity mechanisms such as long-term potentiation (Walsh and Selkoe, 2007) . In addition to rare genetic mutations, Ab aggregation can arise from disequilibrium in Ab synthesis and clearance. The reduced function of neprilysin or insulysin, enzymes with critical roles in Ab degradation, might potentiate Ab oligomerization (Iwata et al., 2000 , Qiu et al., 1998 . Similarly, the regulated transport of soluble Ab monomers across the blood-brain barrier by low-density lipoprotein receptor-related protein 1, ATP binding cassette transporters, and advanced glycation end product-specific receptor is critical to maintaining non-cytotoxic levels of Ab in the brain (Shibata et al., 2000; Deane et al., 2003) . Importantly, diverse intercellular and metabolic signals such as insulin might have a direct role in the regulation of Ab transport into and out of neural tissues (Vandal et al., 2015) . Although Ab posttranslational processing, degradation kinetics, aggregation, and transport have been implicated in disease progression, recent mechanistic discoveries suggest that Ab might not be the sole causative defect underlying late-onset AD. Genomewide association studies of disease-afflicted individuals identified apolipoprotein E4 (APOE4) as a genetic risk factor (Bertram et al., 2010) . As one of three APOE isoforms that differ by at most two amino acid residues (Mahley et al., 2006) , APOE4 has roles in lipid redistribution for repair, maintenance, and remodeling of cells in the central nervous system (Mahley et al., 2006) . Further functional analyses have shown that APOE4 forms stable complexes with Ab peptides and plaques (Strittmatter et al., 1994) , enhances Ab deposition , and induces neurodegeneration (Buttini et al., 1999) resulting in impaired learning and memory (Raber et al., 2000) . APOE4-induced neurodegeneration might result from the inhibition of neurite outgrowth (Nathan et al., 1994) due to the reduced binding affinity of APOE4 for the microtubule-stabilizing protein MAPT (Strittmatter et al., 1994) . In the absence of APOE, MAPT is hyperphosphorylated resulting in microtubule destabilization and subsequent neurite degeneration (Tesseur et al., 2000; Nathan et al., 1995; Strittmatter et al., 1994; Morris et al., 2011) . Hyperphosphorylated MAPT forms insoluble neurotoxic aggregates, known as neurofibrillary tangles, and is mislocalized in dendritic spines and postsynaptic densities (Hoover et al., 2010) . Ab oligomers promote this mislocalization via members of the microtubule affinity-regulating kinase family (Zempel et al., 2010) and reductions in MAPT concentration inhibit both Ab-dependent and APOE4-dependent neuronal deficits in vitro and in vivo, respectively (Andrews-Zwilling et al., 2010; Ittner et al., 2010; Roberson et al., 2007) . This interplay of Ab, APOE4, MAPT, and other AD-related factors have provided numerous targets for pharmacological intervention.
Pharmacological treatments and drawbacks
The pharmacological treatment of AD currently relies on compounds that broadly inhibit acetylcholinesterase (Shah and Reichman, 2006) . This inhibition increases the concentration of acetylcholine at cholinergic synapses to promote neurotransmission (Shah and Reichman, 2006) . However, there is no clinical data that conclusively demonstrates these compounds reduce or reverse the functional losses imparted by the disease. Ongoing clinical trials aim to reduce synapse degeneration by targeting APP processing mechanisms, Ab production and aggregation, MAPT production and degradation, APOE4 intra-domain interactions, and the association of soluble Ab, MAPT, and APOE4 (Huang and Mucke, 2012) . Although these treatments may improve cognitive function by reducing or even preventing disease progression, pharmacological interventions offer no mechanism to regenerate neurons for the repair of damaged neural circuits. The induction of functional subtype-specific neurons from endogenous nonneuronal cells in the basal forebrain by in vivo transdifferentiation might offer a novel mechanism for the reconstruction of degenerated neuronal circuits.
Alzheimer-relevant induced pluripotent stem cell models
Prior to the discovery of induced pluripotency, neurodegenerative diseases were modeled in vitro using immortal cell lines or derivatives of transformed neural tissue. The ability to induce pluripotency and direct neural differentiation of diverse diseasespecific somatic cells enabled novel mechanistic studies into the progressive onset of neurodegeneration (Park et al., 2008) . For instance, primary fibroblasts isolated from two patients with sporadic AD and two patients with familial APP-duplication causative AD were indirectly converted to neurons for molecular characterization (Israel et al., 2012) . These neurons expressed significantly higher levels of AD-related pathological markers relative to control induced neurons (Israel et al., 2012) . Treatment with b-secretase inhibitors reduced levels of phosphorylated MAPT and GSK3B yielding new insight into a direct relationship between APP proteolytic processing, GSK3B activation, and MAPT phosphorylation (Israel et al., 2012) .
In addition to mechanistic investigations, in vitro models of AD enable pharmacological screening and quantification of drug response phenotypes. AD-lineage dermal fibroblasts reprogrammed to iPSCs and differentiated into functional neurons accumulated Ab oligomers that induced oxidative stress in the endoplasmic reticulum (Kondo et al., 2013) . Docosahexaenoic acid treatment of select iPSC-derived neuron lines attenuated cellular stress and reduced the generation of reactive oxygen species (Kondo et al., 2013) . This suggests genetic heterogeneity and disease etiology have important roles in disease onset and pharmacological response. An alternative to pharmacological intervention, neuron replacement by transplantation of induced neurons and in vivo reprogramming are promising approaches to neural regeneration.
Alzheimer-relevant regeneration strategies
The direct transdifferentiation of mouse embryonic and postnatal fibroblasts into functional neurons was first demonstrated in vitro using viral overexpression of the transcription factors ASCL1, POU3F2, and MYT1L (Vierbuchen et al., 2010) . With the inclusion of a fourth transcription factor, NEUROD1, this same technique was successfully applied to human fibroblasts (Pang et al., 2011) . Further demonstrating how targeted modulation of the transcriptome can transform cell identity, human adult fibroblasts were directly reprogrammed to neurons with the microRNA miR-124 and transcription factors POU3F2 and MYT1L (Ambasudhan et al., 2011) , as well as, miR-124, miR-9/9*, NEUROD2, ASCL1, and MYT1L (Yoo et al., 2011) .
The application of these foundational in vitro findings to the regeneration of cholinergic neurons in the basal forebrain requires the high-efficiency induction of homogeneous fate-specific neurons. In a step toward therapeutic utility, the transcription factors NEUROG2 and SOX11 were combined with the small molecules forskolin and dorsomorphin to rapidly reprogram adult human fibroblasts to functional, homogeneous cholinergic neurons with nearly 90% efficiency . This pro-neurogenic activity of NEUROG2 further enabled retroviral-induced transdifferentiation of mouse postnatal cortical astroglia to TUBB3-positive neurons (Berninger et al., 2007) and functional, synapse-forming glutamatergic neurons (Heinrich et al., 2010) .
Transitioning these in vitro reprogramming achievements in vivo, human astrocytes and fibroblasts transfected with doxycycline-regulated ASCL1, POU3F2, and MYT1L lentiviruses were implanted into the striatum of adult rats for in vivo transdifferentiation (Torper et al., 2013) . Transplanted human astrocytes survived in the striatal microenvironment and, following doxycycline treatment, reprogrammed to neural-cell-adhesion-moleculepositive neurons (Torper et al., 2013) . A similar cell transplantation study demonstrated that self-renewing, multipotent NSCs derived from mouse fibroblasts could also survive, differentiate, and mature into RBFOX3-positive neurons in the mouse cortical microenvironment (Ring et al., 2012) .
These proof of concept in vitro reprogramming and cell transplantation studies demonstrated the feasibility of directly generating functional neurons from non-neuronal cells with high efficiency and subtype specificity. The application of these findings to in vivo systems enabled researchers to directly transform resident non-neuronal glia of the adult mouse striatum to RBFOX3-positive neurons using retroviral-mediated expression of ASCL1, POU3F2, and MYT1L (Torper et al., 2013) . The induction of GABAergic neurons in the striatum and glutamatergic neurons in the neocortex by retroviral overexpression of NEUROG2 following focal injury highlights the intrinsic regional differences in glia of the mouse brain (Grande et al., 2013) . Additional treatment with fibroblast growth factor 2 and epidermal growth factor enhanced NEUROG2-mediated reprogramming and robustly induced GABApositive striatal neurons, while reprogramming in the neocortex was significantly more restricted (Grande et al., 2013) .
The direct conversion of resident cortical astrocytes to functional neurons in a transgenic mouse model of AD illuminated the clinical potential of cell reprogramming technologies (Guo et al., 2014) . NEUROD1-encoding retrovirus transformed reactive astrocytes and NG2 glia of the mouse somatosensory cortex into neurons with robust synaptic activity within 16 days (Guo et al., 2014) . Importantly, the efficiency of this neuronal conversion process increased in aged mice (Guo et al., 2014) . NEUROD1 rapidly transformed glia to bipolar doublecortin-positive cells within three days, which matured into neurons exhibiting extensive neurite outgrowth with functional synapses within three weeks (Guo et al., 2014) . Interestingly, reactive astrocytes adopted an exclusively excitatory glutamatergic identity, while NG2 glia gave rise to a heterogeneous population of glutamatergic and GABAergic neurons (Guo et al., 2014) . The long-term survival of these neurons was validated two months following induction (Guo et al., 2014) . These findings support the premise that engineered neurons might enable the functional regeneration of neuronal networks following the onset of AD-related neurodegeneration.
3.3. Amyotrophic lateral sclerosis 3.3.1. Neuropathology of amyotrophic lateral sclerosis ALS is an adult-onset, multifactorial disease characterized by the degeneration of upper motor neurons in the motor cortex and lower motor neurons localized to the brain stem and ventral horn of the spinal cord . As the axons of these motor neurons retract and eliminate neuromuscular synapses, neuroinflammation triggers reactive astrogliosis and the proliferation of microglia (Philips and Robberecht, 2011) . This progressive degeneration manifests as muscle atrophy, fasciculations, hyperreflexia, spasticity, and a reduced ability to initiate voluntary movement .
Familial ALS is a genetically heritable condition that accounts for approximately 5% of known ALS cases, while non-hereditary, sporadic forms of the disease are responsible for nearly 95% of ALS cases . Although a well-defined etiology for sporadic ALS has yet to be elucidated (Ferraluolo et al., 2011) , cytological evidence suggests that cytotoxic oligomers and protein-rich inclusions in the soma and axon of motor neurons disrupt axonal transport (Bilsland et al., 2010) , impair mitochondrial function (Mattiazzi et al., 2002) , and trigger glutamatemediated excitotoxicity (Vucic et al., 2008) .
Familial ALS has been linked to more than 15 heritable genetic mutations (Anderson and Al-Chalabl, 2011) in genes such as SOD1 (Rosen et al., 1993) , TARDBP (Sreedharan et al., 2008) , and FUS (Deng et al., 2010) . Genetic mutations that disrupt the tertiary structure of SOD1, a free radical scavenger that regulates the level of superoxide radicals generated in the mitochondria, result in misfolded protein aggregates that can inhibit both the proteasomal pathway and autophagy (Robberecht and Philips, 2013) . TDP-43 (TARDBP) mutations similarly result in protein-rich inclusions that trigger an unfolded protein response, microglial activation, and cell death (Neumann et al., 2006; Robberecht and Philips, 2013) . This complex, heterogeneous etiology combined with age-related physiological stressors has hampered the development of pharmacological interventions and ALS-specific therapeutics.
Pharmacological treatments and drawbacks
At present, Riluzole is the only pharmacological treatment approved to treat ALS symptoms. This compound relies on the non-specific inhibition of glutamatergic synaptic transmission via sodium channel blockade (Nagoshi et al., 2015) . Although numerous small molecules and other therapeutics remain in clinical trials, none are anticipated to both significantly enhance motor function and promote the regeneration of lost neuromuscular synapses. Therefore, much focus has shifted to cell-based strategies that aim to induce additional muscle-targeting motor neurons in the spinal cord to recover motor function and promote neuronal survival.
ALS-relevant induced pluripotent stem cell models
Functional motor neurons were successfully induced from numerous diseased iPSC lines and skin fibroblast-derived iPSCs originating from a patient with familial ALS (Dimos et al., 2008) . Specific mutations in TARDBP have been causatively linked to ALS onset (Neumann et al., 2006; Robberecht and Philips, 2013) ; therefore, induced motor neurons generated from TARDBP-mutant iPSCs provided a unique opportunity to investigate TARDBP-related proteinopathies in vitro (Bilican et al., 2012) . This model demonstrated that elevated levels of soluble TDP-43 reduced neuronal survival and enhanced susceptibility to PI3K signaling inhibition (Bilican et al., 2012) . These models have provided valuable genetic and mechanistic evidence for disease progression and informed motor neuron-specific induction techniques targeting in vivo regeneration.
ALS-relevant regeneration strategies
The direct induction of motor neurons from embryonic and adult mouse fibroblasts was first achieved in vitro by viral overexpression of seven transcription factors (Son et al., 2011) . Building on the discovery that ASCL1, POU3F2, and MYT1L could induce functional neurons from mouse fibroblasts (Vierbuchen et al., 2010) , these factors combined with LHX3, ISL1, MNX1, and NEUROG2 were co-expressed in vitro to generate morphologically mature motor neurons with 5-10% efficiency (Son et al., 2011) . The inclusion of an eighth transcription factor, NEUROD1, induced vesicular choline acetyltransferase-positive functional motor neurons from human fibroblasts (Son et al., 2011) .
Transcriptional profiling of these induced motor neurons revealed a transcriptomic signature that co-segregated with endogenous motor neurons and significantly differed from the cell-of-origin fibroblast (Son et al., 2011) . Critically, these induced motor neurons formed functional neuromuscular junctions when co-cultured with chick myotubes and repetitively fired trains of action potentials (Son et al., 2011) . To evaluate whether in vitro reprogrammed neurons would have functional attributes similar to endogenous motor neurons, induced neurons were transplanted into the developing chick spinal cord (Son et al., 2011) . Remarkably, these cells migrated to sites of integration, successfully engrafted, and extended axons into neighboring tissue (Son et al., 2011) .
Wild-type motor neurons co-cultured with glia isolated from the SOD1G93A mouse model of ALS exhibit a sharp reduction in survival as compared to co-culture with wild-type astroglia (Son et al., 2011) . Similar reductions in survival and function were observed for induced motor neurons, indicating susceptibility to the same ALS-related degenerative stimuli (Son et al., 2011) . This both validates these cells as a bona fide in vitro model for further ALS studies and highlights additional genome engineering and cell survival challenges that must be solved before these cells can be used as a form of regenerative medicine.
Traditional neuronal transdifferentiation techniques utilize one input cell to directly generate one output neuronal cell. To become an effective therapy for neurodegeneration, the impact of transdifferentiation on glial populations and the surrounding microenvironment must be minimized. Therefore, a targeted in vivo reprogramming strategy that generates multiple output neuronal cells for each input glial cell was designed by directly transforming resident astrocytes of the adult mouse spinal cord into proliferative neuroblasts (Su et al., 2014) . Lentiviral expression of the transcription factor SOX2 induced astrocytes to adopt a doublecortin-positive neuroblast identity. Cell lineage tracing, MKI67 immunostaining, and transplantation of fluorescencesorted in vitro SOX2-reprogrammed mouse spinal astrocytes confirmed proliferative astrocytes as the source of induced neuroblasts (Su et al., 2014) . Astrocyte-derived neuroblasts were generated in young, aged, and injured spinal cords indicating a broad utility for this reprogramming model (Su et al., 2014) .
Importantly, treatment with the histone deacetylase inhibitor valproic acid induced neuroblast differentiation toward a morphologically mature RBFOX3-positive interneuron-like fate. Heterogeneous glutamatergic and GABAergic induced neurons were detectable eight weeks after reprogramming and persisted more than 30 weeks post induction (Su et al., 2014) . These neurons formed functional SYN1-positive synaptic connections with endogenous cholinergic neurons indicating a capacity for integration into local neural circuitry (Su et al., 2014) . As a start point for in vivo generation of proliferative neuroblast cells, this model demonstrates the feasibility of directly reprogramming a small population of glia toward a non-pluripotent progenitor state and subsequent differentiation into a larger population of functional neurons. With adaptation toward a motor neuron fate, these techniques might enable partial functional recovery from ALSinduced neurodegeneration.
Huntington disease 3.5.1. Neuropathology of Huntington disease
HD is progressive neurodegenerative disorder with average onset ranging from 35 to 42 years of age (Martin and Gusella, 1986) . Initial changes in cognitive function progress into physical instability, involuntary movements, emotional outbursts, and impairments of abstract thinking (Martin and Gusella, 1986) . Histological analyses indicate that there are at least five types of striatal neurons (DiFiglia et al., 1976 ) and medium-sized type I spiny neurons (MSN) are the most significantly affected cell type during disease progression (Graveland et al., 1985) . These neurons undergo pathological changes such as dendrite retraction, curling, branching, and arborization, which might indicate the activation of pro-survival mechanisms prior to neuron death (Graveland et al., 1985) . Although striatal neurons are most severely affected, widespread neuron death is also observed in the cortex, globus pallidus, and thalamic nuclei.
The molecular etiology of HD has been well established. An autosomal dominant mutation in the Huntingtin gene (HTT), resulting from the expansion of a CAG trinucleotide repeat, encodes a polyglutamine repeat in HTT protein (Gusella et al., 1983 ; The Huntington's collaborative research group, 1993). Disease-unaffected populations carry 11-34 trinucleotide repeats, while affected individuals typically encode 42-66 trinculeotide repeats with higher repeat copies correlating to earlier disease onset (The Huntington's collaborative research group, 1993). The proteolytic cleavage of mutant HTT generates short peptides with high aggregation potential (Scherzinger et al., 1997) and when localized to the nucleus these polyglutamine-rich aggregates become cytotoxic (Yang et al., 2002) . However, causative roles for the misfolding, proteolytic cleavage, and aggregation of short HTT peptides in the onset of HD have yet to be conclusively demonstrated. Numerous studies have also identified potential roles for caspase activation (Gervais et al., 2002) , gene transcription (Steffan et al., 2000) , and dysregulated intracellular transport (Gauthier et al., 2004) in disease onset.
Pharmacological treatments and drawbacks
No therapeutic treatment has been discovered that can slow or cure the progression of HD. Pharmacological interventions can temporarily improve motor control and HD-associated psychiatric disorders; however, these short-lived gains do not affect the underlying mechanisms of neurodegeneration (Kumar et al., 2015) . Tetrabenazine, a catecholamine-depleting compound, has been shown to improve motor control in HD-afflicted individuals and, unlike dopamine-depleting compounds, tetrabenazine does not induce tardive dyskinesia (Diana, 2007) . Ongoing clinical trials will evaluate the efficacy of compounds targeting neuronal excitotoxicity, mitochondrial dysfunction, and HTT proteolysis, aggregation, and clearance (Kumar et al., 2015) . As an alternative to molecule-based therapeutics, human fetal neuroblasts were transplanted into the striatal regions of five HD-afflicted individuals. While three patients exhibited initial clinical improvement, these benefits persisted only four to six years post engraftment (Kumar et al., 2015) . This suggests that modification of the striatal microenvironment and improved survival of transplanted neurons might be required to promote further functional improvement.
Huntington-relevant induced pluripotent stem cell models
The derivation of iPSCs from somatic cells of HD-afflicted individuals demonstrated the feasibility of generating patientspecific cells for disease modeling and genetic analyses (Park et al., 2008) . The neural differentiation of iPSC lines with CAG-repeat expansions in HTT enabled in vitro modeling of cytoskeletal, cell adhesion, and energetic changes related to HD onset (The HD iPSC Consortium, 2012) . iPSCs restricted to an NSC lineage were differentiated to striatal PPP1R1B-positive neurons and withdrawal of brain-derived neurotrophic factor following differentiation increased cell death in HD-mutant neurons (The HD iPSC Consortium, 2012) . This collection of HD-specific iPSC lines represents a valuable resource for investigating the genetic and molecular mechanisms underlying disease progression, as well as, a novel system for screen therapeutic compounds.
Huntington-relevant regeneration strategies
The in vitro transdifferentiation of adult human fibroblasts to functional neurons by miR-124, miR-9/9*, NEUROD2, ASCL1, and MYT1L revealed a novel and essential role for microRNAs in cell fate specification (Yoo et al., 2011) . Building on this discovery, miR-124, miR-9/9*, MYT1L, BCL11B, DLX1, and DLX2 were combined to directly induce subtype-specific striatal MSNs from postnatal and adult human fibroblasts in vitro (Victor et al., 2014) . These induced neurons expressed MAP2, GABA, and GAD1 with 70% of the total population also immunoreactive for PPP1R1B (Victor et al., 2014) .
The clinical relevance of neural transdifferentiation technologies relies on the ability to induce functional subtype-specific neurons closely representative of an equivalent endogenous neuron. The single-cell transcriptome of postmortem adult human MSNs isolated by laser capture microdissection was compared with RNA transcripts isolated from fibroblast-derived MSNs (Victor et al., 2014) . A pairwise comparison indicated strong correlation in gene expression between endogenous and reprogrammed MSNs that segregated from untreated adult fibroblasts (Victor et al., 2014) . Further, induced MSNs exhibited membrane polarization and functional properties characteristic of endogenous human MSNs (Victor et al., 2014) .
In vitro reprogrammed MSNs transplanted into the mouse striatum survived more than six months post engraftment and functionally integrated into local striatal circuitry (Victor et al., 2014) . The transplanted MSNs projected axons into the substantia nigra and globus pallidus indicating these neurons acquired an ability to decipher axon guidance cues utilized by endogenous striatal neurons (Victor et al., 2014) . In addition to the generation of fibroblast-derived MSNs, DLX2 is sufficient to induce mouse postnatal cortical astrocytes toward a functional GABAergic neuron fate in vitro (Heinrich et al., 2010) . These foundational in vitro discoveries have laid the groundwork for further investigation into the in vivo transdifferentiation of striatal glia and the induction of functional MSNs for the reconstruction of neuronal circuits damaged by the onset of HD.
Parkinson disease
Neuropathology of Parkinson disease
PD is an adult onset neurodegenerative disorder characterized by bradykinesia, rigidity, gait disturbance, and resting tremor (Olanow and Tatton, 1999) . These motor deficits result from dopaminergic neuron death and disruptions in dopamine synaptic transmission in the pars compacta region of the substantia nigra (Lang and Lozano, 1998) . In later stages of the disease, pathological cell death occurs in the midbrain, basal forebrain, and neocortex (Lang and Lozano, 1998) . This progressive brain-wide degeneration is associated with the onset of dementia, autonomic dysfunction, and severe postural instability (Olanow and Tatton, 1999) .
The molecular etiology of PD is complex with genetic, physiologic, and environmental factors each contributing to disease onset. A defined mechanism for sporadic PD has yet to be elucidated; however, environmental toxins, neuronal excitotoxicity, mitochondrial dysfunction, and glial immune modulators have each been implicated in disease onset (Lang and Lozano, 1998) . Familial PD has been linked to both heritable autosomal dominant and recessive mutations in more than ten genes. Autosomal-dominant mutations in SNCA (Polymeropoulos et al., 1997) , PARK3 (Gasser et al., 1998) , UCHL1 (Liu et al., 2002) , LRRK2 (Funayama et al., 2002) , and NR4A2 (Le et al., 2003) , as well as, autosomal-recessive mutations in PARK2 (Kitada et al., 1998) , PINK1 (Pankratz and Foroud, 2004) , and PARK7 (Pankratz and Foroud, 2004) have been implicated in the onset and progression of PD.
Lewy body inclusions, a cytological hallmark of PD, develop in the soma and neurites of degenerating dopaminergic neurons (Lang and Lozano, 1998 ). The dense protein-rich core of Lewy bodies consists of aggregated cytosolic proteins and 200-600 nm length a-synuclein fibrils that emanate into the cytosol (Spillantini et al., 1997; Crowther et al., 2000) . These aggregates containing HSPA chaperone proteins (Auluck et al., 2002) , regulators of ubiquitination (Shimura et al., 2001) , and protein degradation complexes broadly disrupt proteomic equilibrium resulting in cytotoxicity and dopaminergic neuron loss (Leverenz et al., 2007) .
Pharmacological treatments and drawbacks
Levodopa (L-3,4-dihydroxyphenylalanine) is the most effective pharmacological treatment for PD (The Parkinson Study Group, 2004) . As precursor to the neurotransmitter dopamine, levodopa is metabolized by aromatic L-amino acid decarboxylase to increase dopamine concentration at degenerating synapses. Although initially beneficial, the effectiveness of levodopa declines throughout disease progression. Therefore, an alternative cell-based strategy utilized human embryonic dopamine-producing neurons transplanted directly into the adult substantia nigra to enhance dopamine production (Freed et al., 2001) . Embryonic neurons survived transplantation and modestly improved motor function in young PD-afflicted individuals (Freed et al., 2001) . As no therapeutic treatment has been identified that can halt or repair the damage imparted by PD, the generation of functional patientspecific striatal neurons in situ might offer a mechanism for the recovery of dopamine signaling in damaged neural circuitry.
Parkinson-relevant induced pluripotent stem cell models
An autosomal dominant G2019S missense mutation in LRRK2 has been identified in familial and sporadic cases of PD (Nguyen et al., 2011) . The generation, functional characterization, and dopaminergic differentiation of iPSCs with this common mutation enabled genetic modeling of PD onset in living cells (Nguyen et al., 2011; Liu et al., 2012a,b) . Single-cell gene expression analyses revealed increased expression of oxidative stress-response genes and SNCA (Nguyen et al., 2011) . LRRK2-mutant neurons exhibit sensitivity to in vitro cell stress assays and significantly increased SNCA expression in differentiated mature neurons (Nguyen et al., 2011) . This increase SNCA transcription results in higher monomeric a-synuclein protein levels, a pathological hallmark in neural tissues of some PD-afflicted individuals (Nguyen et al., 2011) .
Another genetic model of PD, Parkin-mutant iPSCs derived from adult human dermal fibroblasts were differentiated into midbrain dopaminergic neurons for functional characterization (Jiang et al., 2012) . These iPSC-derived neurons exhibited reduced dopamine reuptake at inter-neuronal synapses and oxidative stress response mediated by increased transcription of monoamine oxidases. Importantly, these phenotypes were rescued by lentiviral expression of Parkin (Jiang et al., 2012) . In addition to genetic and molecular analyses of PD, cynomolgus monkey iPSC-derived dopaminergic neurons were transplanted into the putamen of a non-human primate Parkinsonian brain (Hallett et al., 2015) . The reprogrammed neurons survived and underwent extensive outgrowth into transplantation site and surrounding putamen (Hallett et al., 2015) . Further, the engraftment of these neurons improved motor function and increased motor activity without immune suppression (Hallett et al., 2015) . These in vitro and in vivo transplantation studies demonstrate the value of pre-clinical modeling with iPSCs and highlight the feasibility of therapeutic neuron transplantation (Hallett et al., 2015) .
Parkinson-relevant regeneration strategies
The transdifferentiation of fibroblasts into functional dopaminergic neurons has been achieved in vitro by viral overexpression of varied combinations of pro-neuronal and dopamine-specifying transcription factors (Caiazzo et al., 2011; Kim et al., 2011; Liu et al., 2012a Liu et al., ,b, 2014 Pfisterer et al., 2011; Torper et al., 2013) . Human embryonic and fetal fibroblasts transduced with lentiviruses encoding doxycycline-regulated ASCL1, POU3F2, MYT1L, LMX1A, and FOXA2 reprogrammed into functional tyrosine hydroxylase-positive dopaminergic neurons (Pfisterer et al., 2011) . The withdrawal of doxycycline from neuronal culture media three days following lentiviral infection did not affect the efficiency of reprogramming or the morphological and functional complexity of induced neurons (Pfisterer et al., 2011) . This indicates that the transient expression of pro-dopaminergic factors in vitro is sufficient to drive fibroblasts toward a neuronal fate.
Further refinement of these neuron induction strategies revealed that the minimal set of ASCL1, NR4A2, and LMX1A is sufficient to induce functional midbrain dopaminergic neuron-like cells from mouse and human fibroblasts (Caiazzo et al., 2011) . The expression of tyrosine hydroxylase, a dopamine processing enzyme, and vesicular transporters of dopamine indicate these cells acquired functional dopamine synthesis and processing mechanisms. Moreover, differential gene expression analyses confirmed broad upregulation of neurogenic-and dopaminerelated RNA transcripts (Caiazzo et al., 2011) . Expanding this core set of transcription factors to include PITX3, FOXA2, and EN1 combined with the signaling molecules sonic hedgehog and fibroblast growth factor 8, adult mouse tail tip fibroblasts were directly reprogrammed to dopaminergic neurons with functional properties that mimic endogenous midbrain dopaminergic neurons (Kim et al., 2011) . The transplantation of these neurons into the rat striatum lesioned by 6-OHDA, a functional model of PD, successfully demonstrated improvements in motor function post neuron engraftment (Kim et al., 2011) . Histological analyses revealed the functional integration of 350-1900 reprogrammed neurons and significant improvements in amphetamine-induced rotation scores (Kim et al., 2011) . These findings suggest that the striatal implantation of engineered dopaminergic neurons might be a feasible therapeutic option for PD-afflicted individuals.
One significant drawback to most transdifferentiation techniques is a low efficiency of functional reprogramming. Remarkably, the co-transduction of a dominant negative TP53 lentiviral construct with neuron reprogramming factors improves dopaminergic neuron transdifferentiation efficiency at least 4-fold . This functional inhibition of TP53 improves cell survival and does not induce proliferation indicating TP53 repression in vitro does not promote tumorigenesis . Dopaminergic neurons induced from adult human fibroblasts by ASCL1, NR4A2, PITX3, NEUROG2, and SOX2, with or without TP53 repression, improved rotary motor behavior when transplanted into 6-OHDA lesioned rat brains (Liu et al., 2012a (Liu et al., ,b, 2014 .
The survival, integration, and function of induced neurons transplanted to the striatum demonstrate that fully differentiated neurons can thrive in the neural microenvironment. In an effort to demonstrate that non-neuronal cells in the striatum can be targeted for reprogramming in vivo, human fibroblasts expressing doxycycline-regulated ASCL1, POU3F2, MYT1L, LMX1A, LMX1B, FOXA2, and OTX2 were implanted within 6-OHDA lesioned rat brains and in vivo transdifferentiated using doxycycline administration (Torper et al., 2013) . This generation of fibroblast-derived tyrosine hydroxylase-positive neurons within the striatal microenvironment lends support to the feasibility of in vivo reprogramming non-neuronal cells toward a subtype-specific neuronal fate.
In pursuit of this goal, a targeted in vivo reprogramming strategy designed to minimize the impact of reprogramming on endogenous glial populations was developed by directly transforming resident astrocytes of the adult mouse striatum into proliferative neuroblasts (Niu et al., 2013) . Lentiviral-mediated expression of SOX2, specifically targeted to astrocytes using the GFAP promoter, induced astrocytes to adopt a proliferative doublecortin-positive neuroblast identity. One critical advantage of GFAP-regulated transgene expression relative to constitutive promoters is a fate-dependent reduction in SOX2 expression during the acquisition of neuroblast identity. Lentivirus encoding constitutively expressed SOX2 resulted in a 37-fold reduction in the population of induced neuroblasts (Niu et al., 2013) . Additionally, cell lineage-specific tracing validated astrocytes as the cell-of-origin (Niu et al., 2013) .
The clinical relevance of in vivo reprogramming strategies hinges on the induction of long surviving, targeted cell types in aged and degenerating tissues. Remarkably, SOX2-induced neuroblasts survive 14 weeks beyond induction and can be generated in the brains of 24-months-old mice (Niu et al., 2013) . Furthermore, Fig. 1 . Neuron induction by diverse cell identity reprogramming strategies. Indirect reprogramming through an iPSC (red): somatic or glial cells adopt a pluripotent state before differentiation into functional subtype-specific neurons or neural progenitor cells that differentiate to yield neurons. Direct reprogramming through a neural progenitor (blue and yellow): somatic or glial cells adopt a unipotent subtype-specific neural progenitor state or tripotent region-specific neural progenitor state. These progenitor cells then differentiate into functional subtype-specific neurons. Direct reprogramming through a tripotent NSC (green): somatic or glial cells adopt a tripotent NSC fate then directly differentiate to neurons, glia or regional neural progenitor cells. Direct reprogramming by transdifferentiation (black): somatic or glial cells adopt a specific neuronal fate without passing through a pluripotent or neural progenitor stage. treatment with valproic acid or a combination of brain-derived neurotrophic factor and noggin coaxed these neuroblasts to differentiate into functional RBFOX3-positive neurons (Niu et al., 2013) . The functional integration of these induced neurons with endogenous striatal neurons highlights the promising potential of in vivo reprogramming in the treatment of PD and other agerelated neurodegenerative disorders (Fig. 1) .
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Clinical translation: challenges and goals
The clinical application of cell identity reprogramming technologies to neurodegenerative disorders will require advances in cell targeting, refined mechanisms for delivery of reprogramming factors, improved neuron induction efficiency, and effective genetic engineering strategies (Fig. 2) . While patient-specific induced neurons possess immense therapeutic potential, these challenges currently hinder the widespread use of reprogramming technologies in the clinical setting.
Neuron induction: cell source and reprogramming strategy
An easily accessible, large population of starting cells is essential for in vitro reprogramming and transplantation strategies.
Therefore, adult human dermal fibroblasts are frequently targeted for iPSC-to-neuron reprogramming (Takahashi et al., 2007) and direct transdifferentiation (Ambasudhan et al., 2011; Yoo et al., 2011) . One pitfall to the stereotactic transplantation of these reprogrammed fibroblasts is mechanical damage to existing cortical and striatal neural networks. Less invasive in vivo transdifferentiation strategies have been used to target large populations of proliferating glia for conversion into neuroblasts (Niu et al., 2013; Su et al., 2014) and mature neurons (Guo et al., 2014; Heinrich et al., 2014) . While these methods target endogenous populations of glia that can proliferate to replace neuron-converted cells, these strategies rely on disruptive lentiviral or retroviral integration of reprogramming factors into the genome.
Diverging from established gene-based viral transdifferentiation strategies, diverse clinic-friendly nonviral and chemical-based reprogramming methods have been developed (Al-Dosari and Gao, 2009) . For instance, the expression of neurogenic transcription factors using an integration-free bioreducible linear poly(amido amine) vehicle enabled the lineage-specific induction of functional neurons from mouse fibroblasts (Adler et al., 2012) . Additionally, nucleofection of mouse and human fibroblasts with a nonviral polycistronic construct of four transcription factors successfully generated iPSCs in vitro (Kaji et al., 2009; Gonzalez et al., 2009) . Mouse and human fibroblast-derived iPSCs were likewise induced in vitro using nonviral gene-based DNA constructs (Okita et al., 2008; Narsinh et al., 2011) and synthetic RNAs (Warren et al., 2010) . The system-level in vivo generation of iPSCs in the adult mouse liver by hydrodynamic tail-vein injection of gene-based DNA constructs highlights the functional applications of nonviral gene-based cell identity conversion tools in living tissue (Yilmazer et al., 2013) .
Cell identity is a high-level description of the transcriptional and translational mechanisms that confer specific physiological functions to a cell. The targeted modulation of these mechanisms can functionally alter cell identity. Small molecule cocktails that promote or inhibit intracellular signaling often dramatically modulate transcription and control properties such as cell division. Taking advantage of these properties, a cocktail of seven small molecules was used to induce a pluripotent state in cultured mouse fibroblasts (Hou et al., 2013) . Interestingly, other combinations of small molecules have been identified that transdifferentiate cultured mouse and human fibroblasts into functional neurons Hu et al., 2015) . The governing roles for signal transduction pathways in cell fate maintenance enable multiple points of entry for therapeutic reprogramming. Demonstrating this principle, two small molecules were combined with NEUROG2 and SOX11 overexpression to convert adult human fibroblasts into functional subtype-specific cholinergic neurons with greater than 90% efficiency in vitro . With numerous in vitro and in vivo reprogramming protocols established, the focus of much regenerative research is the induction of disease-relevant neurons with subtype-specific identities and functions.
Neuron subtype: induction of subtype-specific neurons and loss of cell-of-origin identity
Neuron induction strategies aim to generate neurons that mimic the molecular profile and functional properties of endogenous neurons. Direct conversion of a somatic cell to a specialized neuron requires broad shifts in the transcriptome, proteome, DNA methylome, histone modifications, high-order chromatin structure, membrane polarization properties, and cytoskeletal remodeling.
Global gene expression analysis by RNA sequencing provided insight into the early pro-neuronal changes in transcription triggered by the overexpression of ASCL1, POU3F2, and MYT1L in mouse fibroblasts during reprogramming (Wapinski et al., 2013) . ASCL1 strongly activated a pro-neural transcription program within 48 h of expression and synergized with POU3F2 and MYT1L to endow transduced fibroblasts with a neuronal transcriptome in 22 days (Wapinski et al., 2013) . This direct conversion between cellular identities generated neurons with a heterogeneous genetic and epigenetic background that resembled both the cell-of-origin fibroblast and desired endogenous neuron. A computational transcriptome-based analysis of origin fibroblasts, endogenous neurons, and induced neurons illustrated how induced neurons adopt a functioning neuron identity while retaining non-neuronal gene expression and epigenetic hallmarks specific to fibroblasts (Cahan et al., 2014) .
In turn, these transcriptional mechanisms define the cellular proteome and must be fine-tuned for directed differentiation into dopaminergic neurons (Pfisterer et al., 2011) , medium spiny GABAergic neurons (Victor et al., 2014) , cholinergic neurons , and motor neurons (Son et al., 2011) . Posttranslational histone acetylation and methylation marks encode an additional layer of gene regulation that defines the proteome of an induced neuron (Wapinski et al., 2013) . These genome-wide histone marks control chromatin accessibility, which affects the efficiency and specificity of developmental transdifferentiation (Zuryn et al., 2014) .
Interestingly, a single-cell analysis of gene expression in fibroblasts pushed toward a pluripotent state revealed that long non-coding RNAs perform gene regulatory functions critical to the suppression of lineage-specific differentiation and iPSC reprogramming (Kim et al., 2015) . Detailed mechanistic studies identified several intermediate stages of iPSC reprogramming defined by waves of transcription and biphasic changes in microRNA expression and histone marks (Polo et al., 2012) . Moreover, genome-wide DNA methylation and gene expression studies in human ESC and iPSC lines have enabled quantitative comparisons of differentiation potential (Bock et al., 2011) . A similar genome-wide methylation study demonstrated that somatic cell-derived iPSCs retain methylation signatures characteristic of the donor cell, which suggests that reprogrammed iPSCs are not fully reset from the cell-of-origin identity (Kim et al., 2010) .
The focused depletion of H3K27 and enhanced H3K4 histone methylation signatures in gene enhancer regions precede transcriptional activation during iPSC conversion (Koche et al., 2011) . Further, the repression of histone-modifying methyltransferases such as SUV39H1, YY1, and DOT1L enhance the efficiency of iPSC generation (Onder et al., 2012) . Cytosine methyl-oxidation products also enhance DNA accessibility to promote transcription factor binding and early iPSC reprogramming (Doege et al., 2012; Bhutani et al., 2010; Hon et al., 2014) . Targeted exploitation of these multi-layered molecular mechanisms will be essential to the efficient induction of subtype-specific neurons without cell-oforigin genetic contamination.
Neuron maturation: genetic and functional maturation
The genetic and epigenetic maturation of induced neurons requires these cells to adopt the RNA and protein expression pattern, epigenetic signatures, chromatin condensation structure, and cytoskeletal features of endogenous neurons (Vierbuchen and Wernig, 2012; Apostolou and Hochedlinger, 2013) . However, the therapeutic relevance of these cells is most directly related to cell function and circuit integration rather than precise genetic identity. Neurotransmitter synthesis and transport, synapse formation, action potential kinetics, responsive membrane potential, and secretion of survival factors within a neural microenvironment are the defining features of a medically relevant neuron induction protocol.
The in vivo conversion of astrocytes to calretinin-positive interneurons by SOX2 and valproic acid is an ASCL1-dependent process that generates functionally heterogeneous neurons (Niu et al., 2015) . The histone deacetylase inhibitor valproic acid drives a pro-neurogenic epigenetic program that consistently induces four predominant types of neurons responsive to neurotransmitter stimulation and capable of firing repetitive action potentials (Niu et al., 2015) . These neurons exhibit diverse resting membrane potentials, action potential firing rates, and broad spontaneous postsynaptic current frequencies (Niu et al., 2015) . This functional heterogeneity underscores the genetic diversity of astroglia in the adult brain and the complex mechanisms regulating the in vivo differentiation of reprogrammed cells.
In vivo reprogrammed cortical and striatal neurons exhibit dendritic branching and outgrow axons that form synaptic connections with endogenous interneurons (Guo et al., 2014; Niu et al., 2013) . Whether these newly integrated neurons function to improve or disrupt network signaling has yet to be investigated. Encouragingly, the transplantation of fibroblast-derived dopaminergic neurons into a mouse model of PD improved basic motor function suggesting that reprogrammed neurons promote functional recovery of degenerated neural circuits (Kim et al., 2011) .
4.4. Neuron longevity: acquisition of stable identity, efficient induction, and long-term survival Transient exposure of non-neuronal cells to pro-neurogenic reprogramming factors must induce stable neuronal identity with high efficiency to be clinically effective. The restriction of doxycycline-dependent transgene expression three days following transduction with dopaminergic factors does not affect the in vitro conversion efficiency or survival of induced dopaminergic neurons (Pfisterer et al., 2011) . Further, induced cholinergic neurons intrinsically downregulate the expression of exogenous NEUROG2 seven days following initial overexpression . When applied in vivo, doxycycline-induced expression of ASCL1, POU3F2, and MYT1L induced a stable neuronal identity in cells that functionally integrate into the local microenvironment and survive after doxycycline withdrawal (Torper et al., 2013 ). These results demonstrate that even brief exposure to pro-neural reprogramming factors can catalyze commitment to a lineage-specific identity.
Early transdifferentiation techniques generated neurons with extremely low efficiency and only modest improvements were obtained with other transgene-based methods. Adult human skin fibroblasts transduced with NEUROG2 and SOX11 encoding lentivirus convert with similarly low efficiency; however, treatment with the small molecules forskolin and dorsomorphin dramatically boost conversion to greater than 90% efficiency . This breakthrough in efficiency will enable the large-scale production of patient-specific neurons for transplantation or in vitro pharmaceutical screens.
Improvements in reprogramming efficiency can also be obtained by increasing the total number of reprogrammed neurons that survive into functional maturity. Proliferating astrocytederived neuroblasts yield multiple neurons and have been shown to persist in vivo at least 14 weeks post induction (Niu et al., 2013) . Single-factor transdifferentiation in the cortex generates mature neurons that survive at least two months in the injured mouse cortex (Guo et al., 2014) . Importantly, NEUROG2-induced neurons mature with starkly different efficiency in the cortex relative to striatum (Grande et al., 2013) . This difference indicates that the neural microenvironment has a substantial role in facilitating the induction and survival of new neurons during in vivo reprogramming.
Neuron engineering: genetic correction and modulation of cellular processes
The direct cause of cognitive and motor deficits in age-related neurodegenerative disorders is synapse degeneration and neuron loss. However, the diverse factors responsible for these losses such as inherited and acquired genetic mutation remain unresolved in neurons induced from patient-specific somatic or glial cells. These causative mutations often result in the neurotoxic aggregation of disordered peptides to which induced neurons remain susceptible. Therefore, targeted genetic editing of these defects in induced neurons is essential to remodeling the neural microenvironment in disease-affected tissues.
Three genomic DNA editing technologies predominate: CRISPRCas9 (Hsu et al., 2014) , transcription activator-like effector nucleases (Kim et al., 2014) , and zinc finger nucleases (Kim et al., 2014) . Recent advances in high-fidelity genome editing have enabled specific targeting of disease-related genes such as HTT and SOD1 in reprogrammed cells Kiskinis et al., 2014) . Mutation-containing fibroblasts were in vitro reprogrammed to pluripotency and genetically engineered to remove either an expanded CAG repeat in HTT or dominant acting A4V mutation in SOD1 Kiskinis et al., 2014) . Gene corrected-iPSCs were then differentiated to NSCs or functional motor neurons, respectively. Further gene replacement studies targeting PDrelated LRRK2 and SNCA mutations in human-derived iPSCs provided mechanistic insight into the progression of PD and established testable in vitro diseased-state models (Reinhardt et al., 2013; Soldner et al., 2011) . These studies highlight the breakout potential for in vitro reprogramming with gene editing as a tool for disease modeling and pharmaceutical discovery.
Drawing from the known mechanisms of neurogenesis and neural development, gene replacement and exogenous overexpression of pro-neurogenic genome-encoded factors have been widely used to generate functional neurons from non-neuronal cells. However, the next iteration of cellular engineering might utilize non-physiological synthetic factors that can target complex intracellular networks to modulate identity with high precision. For instance, synthetic RNA aptamers responsive to endogenous proteins can be used to modulate alternative splicing events and redefine complex signaling mechanisms that regulate the cellular transcriptome (Culler et al., 2010) . These and similar synthetic tools might drive the next generation of tailored neuronal reprogramming strategies.
Safety
The clinical relevance of cellular reprogramming hinges upon the safe induction of large numbers of new neurons that halt or reverse neurodegeneration. In vivo reprogramming therapies must ensure that the identity and total number of cells targeted for conversion are tightly controlled and the function of endogenous neural networks is unaffected. One approach is the use of titrated lentivirus engineered to express a fusogenic protein and cell surface marker-specific antibody that catalyzes membrane fusion only with antigen-expressing cells (Yang et al., 2006) . Although potentially useful if adapted to non-integrating adenoviral delivery of reprogramming factors (Stadtfeld et al., 2008) , virus-based reprogramming methods still face significant hurdles to implementation and are not likely to be widely adopted.
Active cell division is a defining property of pluripotent stem cells and neural progenitors. Tightly regulated molecular signals control the rate of this proliferation to suppress tumor formation. In vivo reprogramming to pluripotency suggests deficits in these mechanisms as transitory expression of POU5F1, SOX2, KLF4, and MYC result in teratoma formation in multiple organ tissues (Abad et al., 2013) . The ectopic expression of Oct4 itself can induce dysplasia in mouse epithelial tissue (Hochedlinger et al., 2005) . However, in vivo reprogramming to neural-specific progenitor state or direct glial cell-to-neuron transdifferentiation is not limited by this tumorigenic potential (Niu et al., 2013; Su et al., 2014; Guo et al., 2014) . In addition to the inherent proliferative potential of iPSCs, genome sequencing of 22 iPSC lines revealed numerous acquired non-synonymous, nonsense, splice variant, and epigenetic mutations in genes causative to cancer . These uncontrolled genetic modifications suggest broad genetic screening measures will be required for in vivo transplantation of patient-derived cell lines.
Although multiple engineering and safety issues must be resolved before cell fate reprogramming methods find therapeutic application, the rapid pace of discovery and refinement within this field has laid a promising groundwork for future development.
Conclusions
Recent advances in cell identity reprogramming have enabled researchers to investigate the mechanisms of neuron fate plasticity and degeneration to gain insight into the biological mechanisms that govern age-related neurodegenerative disorders. As early-stage biomedical technologies, stem cell-based reprogramming and transdifferentiation each face numerous challenges that limit clinical utility. As these limitations are overcome through refinement and innovation, diverse safe and efficient reprogramming methodologies will emerge to establish a new paradigm for patient-specific treatment of neurodegenerative disorders.
